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Abstract: As the world develops and population increases, so too does the demand for higher
agricultural output with lower resources. Plant biostimulants appear to be one of the more prominent
sustainable solutions, given their natural origin and their potential to substitute conventional methods
in agriculture. Classified based on their source rather than constitution, biostimulants such as
humic substances (HS), protein hydrolysates (PHs), seaweed extracts (SWE) and microorganisms
have a proven potential in improving plant growth, increasing crop production and quality, as
well as ameliorating stress effects. However, the multi-molecular nature and varying composition
of commercially available biostimulants presents challenges when attempting to elucidate their
underlying mechanisms. While most research has focused on the broad effects of biostimulants in
crops, recent studies at the molecular level have started to unravel the pathways triggered by certain
products at the cellular and gene level. Understanding the molecular influences involved could lead
to further refinement of these treatments. This review comprises the most recent findings regarding
the use of biostimulants in plants, with particular focus on reports of their molecular influence.
Keywords: biostimulant; gene expression; humic substances; protein hydrolysates; seaweed ex-
tracts; microorganisms
1. Introduction
As the world population increases, higher demands will be placed on the agricultural
sector to enhance production, yield and throughput. Increasing crop yield as we reach
the limits in the genetic potential of staple crops, as well as the decrease in area of arable
land, demands more production using less resources. This is usually achieved through the
use of chemical fertilizers and/or pesticides, ameliorating the afore mentioned factors and
the those of biotic and abiotic stresses [1]. However, indiscriminate use of agrochemicals
has long lasting consequences on the environment, with some even being prohibited from
further use, making agriculture one of the main sources of nonpoint pollution [2]. As the
scientific community calls for more sustainability and environmentally friendly systems in
agricultural practices, research on natural resources as alternatives to traditional chemical
methods, such as plant biostimulants extracts, has been increasing in recent years [3].
Biostimulants are becoming more prominent in terms of economic value. The Eu-
ropean Biostimulant Industry Council (EBIC) estimates a market range of around 1.5 to
2 billion USD in 2022 and a compound annual growth rate of around 10 to 12% [4]. How-
ever, what exactly is the definition of a plant biostimulant? According to EU regulation,
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a plant biostimulant is “a product stimulating plant nutrition processes independently
of the product’s nutrient content with the sole aim of improving one or more of the fol-
lowing characteristics of the plant or the plant rhizosphere: (a) nutrient use efficiency;
(b) tolerance to abiotic stress; (c) quality traits; (d) availability of confined nutrients in
soil or rhizosphere” [5]. One of the most widely accepted scientific definitions of a plant
biostimulant was proposed by du Jardin [6] in 2015: “A plant biostimulant is any substance
or microorganism applied to plants with the aim to enhance nutrition efficiency, abiotic
stress tolerance and/or crop quality traits, regardless of its nutrients content”. However, as
Yakhin et al. [7] pointed out in their extensive review, no previous definition is complete,
and instead proposed the following: “A biostimulant is a formulated product of biological
origin that improves plant productivity as a consequence of the novel, or emergent proper-
ties of the complex of constituents, and not as a sole consequence of the presence of known
essential plant nutrients, plant growth regulators, or plant protective compounds” [7]. In
summary, a biostimulant usually comes in the form of substances and/or microorganisms
mixtures, aiding the plant in terms of nutrient efficiency and tolerance to biotic and abiotic
stresses [8,9]. In addition to the definition, the categorization of biostimulants is somewhat
controversial, varying from what each author considers most important [7]. Even though
some consider the mode of action to be more relevant, the origin of the biostimulant could
provide us with more tools for comparison between products and their effects on plant
species. Therefore, the most widely accepted biostimulant categorization comes from du
Jardin [6], dividing them into seven categories, namely: humic and fulvic acids; protein
hydrolysates and N-containing compounds; seaweed extracts and botanicals; chitosan and
other biopolymers; inorganic compounds; and beneficial fungi and bacteria. However,
as described by Carletti et al. [10], novel compounds with biostimulant activity are fre-
quently reported in the literature, highlighting the need for a better understanding of their
molecular impact and consequently better categorize them.
Results from biostimulant applications vary depending on a range of factors such as
the dose used, the mode of application, the timing of application and their composition of
one to several biomolecules and/or microorganisms. As such, understanding the influence
of biostimulants on plant physiology and molecular pathways therein should be the focus
of future studies, in order to elucidate their mechanisms and increase their efficiency [11].
This becomes a difficult task due to their heterogeneous composition. However, recent
biostimulant research has made significant progress towards developing this understand-
ing. Previous reviews have comprised information regarding the physiological effects of
specific biostimulants categories, with some already considering research surrounding their
molecular influence [12–14]. However, in this work we focused on various biostimulant
categories and the most recent developments surrounding their molecular activity. Thus,
focusing on the categorization proposed by du Jardin [6], the objective of this work is to
highlight the most recent research surrounding the effects of several biostimulant categories
on different crops and how gaining a deeper knowledge of their molecular impacts may
lead to an increase in their efficiency.
2. Humic Substances as Biostimulants
Humic (HA) and fulvic (FA) acids, or humic substances (HS), have been known to act
as biostimulants for some time, with various proven biological activities [15,16]. Consist-
ing of organic compounds from the decomposition of dead biota in soils, HS are highly
heterogeneous in their molecule combination and mostly impervious to microbial decomposi-
tion [15,17–19]. Several roles have been attributed to these substances in regards to soil and
plant functions [20]. When it comes to plants, the influence of HS in growth can be indirect,
ranging from an increase in microbial populations, improved cation exchange capacity and
pH buffering properties of the soil, increased availability and mobilization of soil nutrients
and the improvement of soil structure [21–24]; or direct, by positively influencing several
molecular mechanisms such as photosynthetic activity, protein synthesis and enzymatic activ-
ity, whilst also being able to effect phytohormones [25–27]. Even though HS are promising
Biomolecules 2021, 11, 1096 3 of 27
biostimulants, there is still a need for further research regarding their effects and mode(s)
of action [22,28].
2.1. Humic Acids
Even though primarily associated with the enhancement of root growth [29], HA
have also been shown to confer other benefits such as increasing mobilization of nutrients,
improving photosynthetic rates, respiration and water balance and increasing the content
in photosynthetic pigments [30,31]. HA are comprised of amino acids, polysaccharide
residues and aromatic and aliphatic compounds, with the functional groups of aromatic
rings, carboxyl (R-COOH) and hydroxyl (R-OH) seemingly playing an important role in
plant nutrition by forming complexes with the cations of essential nutrients [17,28,32,33].
Hormone-like behavior has also been attributed to HA, with the most common being
due to the presence of auxin [34], molecules mimicking the same function [35,36] or by
interacting with plant hormone signaling pathways [37]. However, HA were also found to
increase peroxidase (POD) expression, which has been reported to be involved in auxin
metabolism [38]. In recent literature, foliar application of HA has been shown to improve
yield in different Brassica napus genotypes [39]. Moreover, these authors observed an
increase in chlorophyll content, which might be linked to an increase in photosynthetic
rate and in RuBisCO activity [40–42]. However, previous studies observed some HA not to
contain any major components, being comprised of mostly C,H and O [43]. Nonetheless, in
this study the application of HA affected the expression of one thousand genes, influencing
almost all metabolic pathways including photosynthesis, cell metabolism and phytohor-
mones [43]. In fact, another study using a proteomic analysis in A. thaliana roots treated
with earthworm feces extracts concluded that 92 proteins were differently expressed in
the exposed plants [44]. Further analysis using bioinformatic tools grouped these proteins
in three major clusters according to their biological function: protein synthesis; protein
folding and elongation; and energy and metabolism. Moreover, these authors were also
able to relate the identified proteins to different biological processes, namely: cell wall and
energy metabolism, respiration, protein synthesis, protein folding, protein degradation,
response to inorganic substances and heat and cell trafficking and division. These results
can very well path the way towards a better understating of the molecular pathways
positively affected by HA. A metabolomic study also using A. thaliana and treatments with
HS as a biostimulant observed significant reductions in the concentration of carbohydrates
and most of the free amino acids in the roots [45]. These authors also denoted an increase
in protein content in the leaves and roots, probably due to higher metabolic activity and
protein synthesis, which could be supporting the higher growth rate in plants treated with
HA. Byun et al. [46] studied the impact of applying HA from different soil sources on three
species of moss, concluding that HA have positive effects on growth and photosynthetic
efficiency. These results were largely dependent on the species subject to the treatment, as
higher concentrations also impaired the overall growth in some.
Drought stress is one of the most impairing stresses affecting crop growth and pro-
ductivity, whilst also reducing metabolic and enzymatic activity in plants [47–49]. Under
water deficit conditions, the addition of HA to the soil was shown to mitigate the negative
effects in plants by improving the production of photosynthetic pigments while keeping
the relative water content at higher levels, thus enhancing photosynthesis [50–53]. In fact,
a more in-depth study on the effects of HA in the photosynthetic mechanism of Brassica
napus under water deficit revealed that treatment with HA may positively affect the rate of
the electron transporter chain, thus exhibiting higher net photosynthesis rates [54]. Gene
expression in maize (Zea mays) was also observed to be altered in the presence of HA,
especially the genes for PM-H+-ATPase (Mh1), which is fundamental in the electrochemical
gradient of cell membranes leading to a better absorption of nutrients [55]; aquaporin 1
(PIP1) [56], which aids with the movement of water and solutes at the molecular level;
and nitrate transporters (Nrt2.1 and Nrt1.1) [57]. Other studies also showed that treatment
with HA may influence the expression of Heat-shock proteins (HSPs) [58], chaperones
Biomolecules 2021, 11, 1096 4 of 27
in the protection of degradation of proteins [59]. The influence of HA in the expression
of genes related to water and nutrient movement could very well be the bridge in the
understanding of the positive effects that HA have in the mitigation of stress, including
their recent association with the protection of DNA [60]. However, more research needs to
be carried out regarding this subject.
2.2. Fulvic Acids
Similar to HA, FA are constituted by high amounts of carboxylic groups (COOH),
while also having high amounts of phenolic compounds and low amounts of aromatic
structures [29]. While most literature to date describes the effects of FA when used in com-
bination with HA or seaweed extracts (SWE), some studies have examined the effects of FA
alone on plant growth. For example, FA biostimulants were found to improve germination
in spring wheat (Triticum aestivum), barley (Hordeum vulgare) and sugar beet (Beta vulgaris),
whilst also increasing the length of shoots and dry weight of shoots and roots [61]. The
same study reported an improvement in grain quality and yield in spring wheat, as well
as overall yield in sugar beet. The low molecular weight of FA enables them to penetrate
through the pores of membranes, and by forming complexes with cations could lead to the
transport of nutrients into the cell [29,32,62]. Furthermore, FA have also been observed to
promote transcriptional changes in the roots of Medicago sativa, up-regulating genes related
to biological processes of N metabolism, nutrient transporters and hydrolases [63]. Other
studies observed an increase in lipid content correlated with use of FA, as these substances
seemingly up-regulated genes associated with lipid biosynthesis [64], as well as genes
related to K transporters, starch degradation and plant metabolism [65]. As previously
mentioned, abiotic stresses have a high impact on agricultural activity. Similar to HA, FA
may also play a potential role as biostimulants in the struggle against abiotic stress. For
instance, drought stress leads to a rapid accumulation of reactive oxygen species (ROS)
in plant tissue, causing a variety of negative effects at the cellular level [66], which can
be attenuated by the function of ascorbic acid. Notably, FA application was shown to
improve ascorbate, glutathione and flavonoids, by the upregulation of genes related to
their metabolism, ameliorating the negative effects of drought stress [67,68].
The application of HS can improve plant growth parameters, increase the content
of photosynthetic pigments, carotenoids, total phenols, flavonoids and NPK concentra-
tion [69]. However, as suggested by García et al. [28], there should be a greater emphasis on
the study of HS, as they may possess unique properties which might explain their functions.
3. Protein Hydrolysates
Food and agricultural industries generate large amounts of organic biomass due to
the production and processing procedures involved in manufacturing large quantities
of food [70]. This biomass is usually enriched with secondary metabolites, which can
be used to produce protein hydrolysates (PHs) through the hydrolysis of raw materials,
either of plant or animal origin. Extraction is typically undertaken under acidic, neutral or
alkaline conditions and may involve hydrolysis or biological processes through the use
of proteolytic enzymes [71]. Depending on the method, these processes extract cellular
components or break down proteins, leading to a mixture of free amino acids, polypep-
tides and oligopeptides, as reviewed by Moreno-Hernández et al. [72]. As the need for
sustainability is increasing along with a growing world population, recycling by-products
derived from agricultural and industrial activities to obtain PHs and applying them as
biostimulants back into the production chain, could be beneficial from both an economical
and ecological perspective [6,9,73,74].
PHs have been shown to promote plant primary and secondary metabolism [75,76].
The breakdown process in the manufacture of PHs leads to the production of small peptides
and amino-acids, which display phytohormone-like activities [77,78]. Other properties of
these biostimulants include higher nutrient uptake due to the increase in solubility and
mobility of micronutrients, increase in the density, length and number of lateral roots,
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as well as an increase in enzymatic activity [74,77,79,80]. Recently, foliar application of
PH biostimulants was demonstrated to promote the growth of epiphytic bacteria, plant
growth and productivity [81]. Commercial PHs (Sinergon Bio) of animal origin applied
to olive tree (Olea europaea) were associated with positive effects on plant growth and
increased photosynthetic rate [82]. Similarly, PHs application in Diplotaxis tenuifolia L. also
led to an increase in plant dry weight, improved efficiency in chlorophyll biosynthesis and
increased activity of the photosynthetic system [83]. The authors also reported an increase
in nutrients such as sodium, nitrate, magnesium, potassium, calcium and phosphate,
when applied in combination with the microorganism Trichoderma Harzianum T22. The
increase in photosynthetic rate is most likely related to the direct action of PH, as there is
no accumulation of intercellular CO2 despite a higher stomatal conductance, suggesting
a direct influence of the biostimulant. In fact, other reports of foliar application of PHs
demonstrated an amelioration in the gas exchange and transpiration rates, as well as an
increase in photosynthetic rate and stomatal conductance [84].
The Molecular Influence of Protein Hydrolysates
In terms of molecular influence, some studies have attempted to uncover the influence
of PHs on gene expression under normal and stress conditions. Alfalfa-based PHs were
shown to cause up-regulation of genes related to photosynthesis, nutrient uptake and
primary metabolism [85]. Additionally, several authors observed a positive effect in the
regulation of key genes associated with nitrate and ammonia transporters, as well as
nitrate reductase which aids in the conversion of N into amino acids [86–88]. Furthermore,
under stress conditions, foliar application of PHs has been shown to activate defense
response mechanisms in Arabidopsis thaliana and Cucumis sativus L., more specifically
by inducing defense response genes such as CAT3 and OXI1, both related to protection
against oxidative stress [89,90], and PDH, GSTF7 and PR1, which are related to biotic
stresses [75,91,92]. Moreover, foliar and drench application of PHs on tomato under drought
stress was observed to completely alter the metabolome in comparison to untreated plants,
improving the response to this stress [93]. PHs also seem to play a role in the mechanisms
underlying phytohormonal response to stress [78]. Recently, Casadesús et al. [94] studied
the application of an animal-based protein hydrolysate (Pepton) in tomato under water
stress, observing a significant increase in the hormone profile in these plants. Auxin,
cytokinin and gibberellin concentrations were increased in treated plants, aiding plant
growth under drought stress conditions. In fact, these changes could be associated with
the expression of genes involved in the metabolism, transport and signal transduction of
phytohormones, produced by PHs [95]. Another study with the application of a commercial
legume-derived PH biostimulant (Trainer®) in tomato observed a positive influence in
root development [96]. Furthermore, by performing a metabolomic analysis, these authors
evidenced an increase in phenylpropanoids, terpenes, flavonoids, nitrogen-containing
compounds, glucosinates and alkaloids, while also observing auxin-like activity. Different
concentrations of a PH-based biostimulant applied to maize roots has also been shown to
alter the plant’s transcriptome and proteome [97]. These authors observed differences in
the expression of 1006 genes, as well as 242 differentially abundant proteins. Moreover,
most of these genes and proteins were related to metabolic pathways, ROS-related systems,
phytohormones, transport and cytoskeletal reorganization, extremely important processes
for both plant growth and development, and plant stress tolerance.
Both the constitution and metabolic engagement of PHs have been associated with
the observed effects in plant growth and stress tolerance. As more research regarding the
molecular effects of these substances begins to surface, the scientific community will gain a
more thorough understanding of the effects and potential of this kind of biostimulant in
agricultural activity. However, similar to other products, there is a need for more research,
as effects vary between different plant species.
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4. Seaweed Extracts
Seaweeds, as commonly known, are macroscopic photoautotrophic marine algae.
These multicellular organisms are significant producers of biomass in marine habitats and
represent an excellent economic and renewable resource with several potential uses [98].
Deemed one of the most studied types of biostimulants, seaweed extracts (SWE) are
obtained through a variety of processes: alkali, neutral or acid extractions, processes
consisting of the disruption of the seaweed by milling under high or low pressure, with
an after addition of an acid, alkali or water; rupture of the cells through low temperatures
and high pressure; and crushing of frozen seaweeds in order to obtain a suspension of fine
particles [98]. The use of seaweeds in society is well established, with their use dating back
to ancient times [99]. The relative notoriety of SWE usage in agriculture stems from the
positive influence of SWE on plant growth, yield, nutritional quality and their bioactive
content [100]. Furthermore, the application of SWE has also been associated with an
increase in plant tolerance to biotic and abiotic stresses [100–102]. In recent years, there
has been a growing interest in SWE amongst the scientific community and the agricultural
industry, as several studies indicate a positive influence of SWE in crop production in both
normal and stress conditions [103–105]. However, it has been shown that the efficacy of
seaweed extracts may depend on whether or not a stress is present or absent, the type
of stress involved, the type of extract and it biochemical characteristics [101]. Several
macroscopic algae are used in the production of biostimulants, although in recent times,
particular attention has been placed on the species Ascophyllum nodosum, Ecklonia maxima
and Kappaphycus alvarezii, as well as the genera Gracilaria spp. [106].
For many years, the mode of action of seaweed extracts has been investigated by
means of bioassay. These studies suggested that application of certain SWE can improve
plant shoot and root growth, potentially analogous to growth effects obtained by exogenous
application of synthetic growth hormones. SWE were therefore widely described as having
“growth hormone-like activity”, with some studies hypothesizing that such effects may be
direct in nature and due to the presence of growth hormones detected in certain seaweed
extracts [107–125]. The presence of growth hormones or growth hormone-like substances
in SWE may originate from endogenous production of phytohormones by certain species
of seaweed during their living phase [109,126,127]. However, these hypotheses have not
been validated at the molecular level and it is now recognized that hormone concentrations
in SWE are at levels too low to invoke physiological responses in plants, particularly given
the low application rates applied at field level [128,129]. Studies indicate that growth
hormones in SWE may be at low nanogram or picogram per mL levels of extract [123] or
at undetectable levels which suggests their potential absence from certain extracts [128].
While some studies suggest that application of SWE may increase plant growth or modulate
the expression and localization of growth hormones within plants [130,131], it has not
been demonstrated that such effects are a due to the presence of hormones. As such, the
“growth hormone model” of how SWEs influence plant growth is not fully supported by
the literature and other mechanisms must therefore be considered. It has been suggested
that non-growth hormone components in seaweed, such as polysaccharides, may be re-
sponsible for growth enhancing effects induced by SWE [132,133]. Polysaccharides are
major components of brown seaweeds [134], and recent studies show that a particular
commercial Ascophyllum nodosum (Super Fifty) extract high in polysaccharides modulates a
range of processes at the transcriptomic, metabolic and lipid levels [135–137]. The authors
demonstrate that these changes involve multiple pathways and culminate in significant
changes at the phenotypic level, including: tolerance to oxidative stress and abiotic stresses;
reductions in Reactive Oxygen Species (ROS); reductions in electrolyte leakage and in-
creases in plant growth. As such, new studies are beginning to change our understanding
of the modes of action of SWE and shifting the focus to specific polysaccharides and other
non-growth hormone molecules as the most likely drivers of effects observed in plants.
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4.1. Ascophyllum nodosum
Considered a brown alga, Ascophyllum nodosum is one of the most studied macroscopic
algae [132], and is used in a variety of available products due to its high polysaccharide and
phenolic content [102,132]. Even though some of these extracts are already commercialized
for agricultural purposes [138], and even applied in the cultivation of other algae [139],
research in past decades was focused primarily on the general benefits of these extracts.
However, the focus has been shifting towards a deeper understanding of the molecular
influence these extracts could have, especially in the fight against abiotic stress. Increases
in plant growth and yield parameters by application of A. nodosum biostimulants is exten-
sively reported in the literature. More recently, studies regarding the effects in spinach
demonstrated this SWE induced an increase of up to 50% of fresh yield, increase protein
and nutrient content, and the concentration of phenolic compounds in the leaves [140].
Another study in grapevine also demonstrated an increase in yield, N concentration and
anthocyanins, without negatively affecting the quality of the berries [141]. It has been
reported that grape berry quality was increased following application of A. nodosum SWE.
The improvements in anthocyanin accumulation observed in this study may provide a
means of producing premium wines [142]. Increases in fruit quality after the application of
these SWE has also been observed in sweet cherry (Prunus avium L.), leading to larger fruits,
increased content in soluble solids, polyphenols, vitamin C and antioxidants, as well as
improving fruit color, acidity, ripening timing and reduced cracking [143,144]. Interestingly,
the application of A. nodosum-based biostimulants has been observed to lead to changes in
the expression of cherry cell-wall and cuticular wax genes (PaEXP1, Pa]-Gal and PaWS),
which can be correlated to a reduction in fruit cracking [145]. New research regarding
effects on flowering and fruit setting in eggplant also opened up a possible new function for
these biostimulants, as these characteristics were positively influenced with the application
of this SWE [146].
The true potential of A. nodosum SWE is tied to stress tolerance in several species.
Under limited phosphorus conditions, SWE of A. nodosum was shown to improve the
growth of Zea mays, increasing overall biomass, NPK content and photosynthetic pigments
when compared to the control [147]. Moreover, application of this biostimulant led to a
reduction in oxidative damage and electrolyte leakage, whilst increasing the total content of
soluble sugar, phenolic compounds, flavonoids and amino acids. Interestingly, these results
were correlated to positive changes in gene expression affecting the complex mechanism
of P homeostasis of Zea mays [147]. Effects on the improvement of thermo tolerance in
tomato has also been observed recently, especially in the pollen viability and chlorophyll
levels [148]. The same authors also denoted a positive effect in the synthesis of HSP, pro-
moting a better heat stress tolerance in these plants. Amelioration of the effects of drought
stress is also one of the attributed functions to A. nodosum SWE. Recently, soybean submit-
ted to water stress and treated with this biostimulant was able to restore its’ water content
while also promoting the growth of the root system, increase photosynthetic efficiency
and, chlorophyll content [149]. Additionally, A. nodosum SWE was shown to improve the
response of Corylus avellana trees to heat and drought stress, while preserving the quality of
the kernel [150,151]. In fact, nut and kernel biometric parameters increased in comparison
to control, alongside the concentration in vitamin E, phenolics and antioxidant activity.
While several studies demonstrate the general positive effects of A. nodosum extracts, it
is also recognized that the efficacy of these biostimulants is dependent on several variables.
In particular, a significant level of specificity has been shown for seaweed extracts derived
from A. nodosum in enhancing plant growth and tolerance to stress, whereby the under-
lying extraction method employed is strongly associated with the stress tolerance effects
observed [101]. As such, commercial extracts of A. nodosum are likely to confer differential
effects depending on how they are manufactured, their constituents, their bioactive com-
position, bioactive levels and the plant stress types involved. Consistent with this, it has
been shown that different commercial extracts of A. nodosum can induce differential effects.
In a recent study, tomato plants treated with A. nodosum based biostimulants, SuperFifty
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and Rygex, showed significant differences in terms remodeling leaf nitrogen metabolism
and accumulation of minerals such as nitrate and magnesium in the leaf under normal and
salt/and or osmotic stress conditions [152].
Molecular priming using SWE is a promising tool in the battle against abiotic stress [153].
Abiotic stress events such as cold, drought, heat and pollutants lead to harmful accumulation
of ROS in plants. The accumulation of ROS at levels that incur damage is referred to as oxida-
tive stress, which can bring irreversible damage to cellular components and can compromise
plant growth and yield. Priming with a commercial extract of A. nodosum (SuperFifty) has
been shown to inhibit ROS production, and protects the model plant Arabidopsis thaliana and
crops, tomato and pepper, from severe oxidative stress [135,136]. Priming and foliar appli-
cation with SuperFifty led to a better tolerance against drought stress in Arabidopsis thaliana,
with primed plants showing better development than control plants. Moreover, electrolyte
leakage was observed to decrease in treated plants, and the reduction in relative water content
(RWC) and ROS accumulation due to drought were shown to be diminished [137]. More
interestingly, plants primed with this SWE displayed a substantial amount of differently
expressed genes, suppressing those with negative effects such as ROS accumulation and
upregulating those with positive effects such as ROS scavengers. Stress responsive negative
regulator of growth, RESPONSIVE TO DESICCATION 26 (RD 26) was repressed and cell cycle
genes were activated in shoot apical meristems of SWE primed plants, revealing an active
cell division and growth taking place in these plants during drought [137]. Priming with A.
nodosum extracts (SuperFifty and Rygex) also induced pre-adaptive physiological responses,
improved yield and reallocated the biomass towards the fruits in tomato plants during salt
stress [154]. Overall, the model emerging from these recent studies is that certain A. nodosum
extracts can induce molecular priming and can activate a wide range of molecular changes,
which manifest at the phenotypic level, culminating in enhanced tolerance to oxidative and
abiotic stresses. Moreover, the replication of these effects in both model and crop plants
indicates that the stress tolerance pathways modulated during priming may be shared across
multiple crop species.
4.2. Ecklonia maxima
Ecklonia maxima is also considered a brown alga, and similar to A. nodosum also has
interesting properties when used as a SWE biostimulant, potentially due to compounds
present in these extracts which may include, amino acids, nutrients, alginates and phyto-
hormones [98]. In recent studies, application of a commercial SWE of E. maxima (Kelpak) in
common bean led to an increase in yield and antioxidant potential, as the concentration of
phenolics, flavonoid and anthocyanins was higher [155]. The same product also produced
similar positive effects in spinach, while improving the concentration of chlorophylls,
carotenoids, proteins and phytohormones [156]. Moreover, under sub-optimal N concen-
tration in the soil, foliar application of E. maxima improved the same parameters in baby
leaf lettuce [157]. Positive effects of this SWE on stress mitigation have also been recently
reported. For instance, while saline conditions can reduce yield and produce quality, it has
been demonstrated that foliar application of E. maxima in zucchini squash (Cucurbita pepo
L.) can mitigate these effects [158]. The authors reported higher yield, biomass and fruit
quality in comparison to untreated plants, whilst also observing an improvement in SPAD
index and photosynthetic synthesis. Despite the recent research on this SWE, we could not
find reports on the molecular influence it may have.
4.3. Kappaphycus alvarezii and Gracilaria edulis
Being a low cost and fast growing red alga, Kappaphycus alvarezii is widely cultivated
due to being edible as well as being a source of carrageenan [159,160]. However, several
other uses have been assigned to this seaweed due to its’ constitution and potential to
be applied in a variety of commercial products [161]. Despite variability in extraction
processes, these SWEs have been shown to contain nutrients, hormones and several other
compounds. These extracts have also been extensively studied, largely due to their potential
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to improve crop production, plant growth and mitigate the effects of abiotic stress [162].
Similar to other biostimulants, recent studies on the application of K. alvarezii SWE have
demonstrated positive results in the improvement of plant growth and yield in species
such as sugarcane [163], maize [164–166], rice [167,168] and potato [169,170]. These effects
are likely associated with the chemical composition of these SWEs. In fact, recent studies
show that application of extracts of K. alvarezii and Gracilaria edulis improve germination
parameters in rice (Oryza sativa) seeds, with foliar application of these biostimulants leading
to the improvement of plant growth and biomass [168]. The most interesting observation
was the increase of up to 15% in yield, as well as the content in nutrients such as N, P, Zn,
Cu, Fe, Mn and K. Seaweed extracts of both Kamaphycus spp. and Gracilaria spp. have
been shown to contain glycine betaine and choline, as well as plant growth regulators
such as indole-3-acetic acid (IAA), zeatin, gibberellic acid (GA3) and several macro- and
micronutrients, which may potentially explain these results [162].
Special attention has been given to these SWEs in the mitigation of the effects of
abiotic stress. For instance, under salt and/or drought stress, the use of K. alavarezii
extracts in Triticum durum was shown to enhance plant growth, increase root growth,
photosynthetic pigments content and RWC, whilst also presenting a higher accumulation
of osmoprotectants such as proline, amino acids and soluble sugars, conferring plant
stress tolerance [171]. Moreover, while evaluating the molecular influence of this SWE,
Triticum spp. stress responsive genes such as WCK-1, TaWRKY10, TdCAT and TdSOD were
upregulated, indicating a direct influence in the gene expression. In fact, similar results
were observed in Zea mays, where besides those related to oxidative stress, overexpression
of transcripts for fatty acid metabolism, starch synthesis, nutrient transport and metabolism,
as well as cell cycle and division was also observed [172]. Despite being observed in plants
under stress, this molecular influence may potentially explain some of the positive effects
observed at the macroscopic level in more general studies. Once again, this highlights the
need for more research at the molecular level, in order to achieve a greater understanding
the mode(s) of action involved.
5. Microorganism-Based Biostimulants
Even though some authors classify microorganism inoculates as being biofertiliz-
ers [173–176], these could very well be referred to as biostimulants [7]. Fungi and bacteria-
based biostimulants may have a role to play in mitigating the impacts of agricultural
activity on the environment [177], such as positively influencing the soil biodiversity [178].
Moreover, microorganisms play a key role in the phyllosphere, rhizosphere and endosphere
of plants increasing the availability of certain nutrients and facilitating their absorption,
with the symbiosis between both being a key factor in their evolution [179]. Most microor-
ganisms which directly or indirectly interact with plants are denominated Plant Growth
Promoting Bacteria (PGPB), which includes both free living bacteria in the soil as well as
rhizobacteria which colonize the rhizosphere [180–182]. Several functions are credited to
these microorganisms, including the synthesis of plant growth regulators and the solubi-
lization of inorganic nutrients [183]. PGPB species, such as Arthrobacter spp., Pseudomonas
spp., Rhodococcus spp., Enterobacter spp., Ochrobactrum spp., Acinetobacter spp., Bacillus spp.,
Rhizobium spp., Streptomyces spp. have been actively studied to investigate their potential
role as biostimulants, with some already being commercialized [16,184–186].
5.1. PGPB as Biostimulants
In the case of Bacillus spp., these bacteria not only act as biofungicides promoting
plant and soil health [187–189], but also as biostimulants due to the metabolites produced
and the solubilization of essential nutrients to simpler forms for root uptake [190]. These
microorganisms have also been associated with the production of growth promoting
substances such as cytokinins, spermidines, gibberellins and IAA [190]. In recent studies, B.
pumillus was observed to increase nutrient content in fruit and fruit yield in tomato (Solanum
lycopersicum L.), and when in combination with P. putida there was an increase in healthy
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fruit yield. [191]. Three B. velezensis strains were also studied in wheat (Triticum aestivum
L.) where it positively affected early development, while increasing the concentration of
macro- and micronutrients in the plant under greenhouse conditions [192]. Moreover,
the same authors found an increase in wheat grain yield grown under low N content
when inoculated with B. velezensis FZB24. In fact, while limited N availability in soil can
impair plant growth, some Bacillus spp. strains are able to produce it from atmospheric
N2 leading to higher yield and plant growth enhancement [193,194]. Moreover, Nguey
et al. [195] first reported that B. megaterium SNji can mitigate the negative effects on root
growth in wheat caused by high N concentrations in the soil, which could be due to the
use of N by the bacteria itself [196]. This duality of functions of Bacillus strains opens the
possibility for multiple uses, as both low or high concentrations of N in the soil affect plant
growth and yield. Bacillus has also been associated with the synthesis of IAA, cytokinins,
gibberellins and spermidines, which promote plant growth [197,198]. Soybean under salt
stress was shown to have increased gibberellin and abscisic acid concentrations when B.
amyloquefaciens was present [198]. In fact, strains such as B. amyloquefaciens SQR9 were
shown to secrete IAA and GA3 which improved root growth of maize under salt stress,
while also positively affecting the expression of RuBisCO rbcS and rbcL genes, key enzymes
on photosynthesis [199]. Upregulation of the NHX1, NHX7, H+-PPase and HKT1 genes was
also observed, indicating an active role of B. amyloquefaciens in the sequestration of Na+.
Another microorganism of high relevance is Pseudomonas spp. Several strains have
been associated with biostimulant activity, including enhancement of plant nutrient up-
take, vitamin secretion and synthesis of aminocyclopropane-1-carboxylate (ACC) deami-
nase [200–202]. In recent studies, P. fluorescens LBUM677 was shown to increase seed weight
and number, as well as the oil content in Brassica napus, Buglossoides arvensis and Glycine
max, which was attributed to its’ production of ACC deaminase, IAA and solubilization
of micronutrients [203]. Recently, P. fluorescens was also shown to increase Ca, Mg, K, P
and Zn concentration in Amaranthus hybridus L. leaves, positively affecting its’ nutritional
quality despite impairing plant growth [204]. Results on growth impairments should be
interpreted with caution, as the use of high concentrations or certain combinations of
biostimulants could be potentially toxic. Application of P. pseudoalcaligenes and P. putida
was also shown to increase water content and photosynthetic pigments, positively affecting
plant growth [205]. Moreover, the same authors performed a salinity stress assay, with
the plants treated with these microorganisms performing better than the control. Similar
results were observed in A. thaliana, in which the inoculation with P. koreensis Ps 9–14 led to
an amelioration of the salt-toxicity effects in plant growth, most likely tied to the increased
antioxidant activity of APX, CAT and POD [206].
Primarily associated with their symbiotic relationships with legumes, Rhizobium spp.
are notable for their ability in reducing atmospheric nitrogen, solubilization of nutrients,
production of secondary metabolites and plant growth hormones [207]. The application of
these PGPB as biostimulants has increased in the recent years. In particular, studies on the
inoculation of chickpea with Rhizobium sp. significantly enhanced plant biomass and yield,
and when combined with foliar application of GA3 led to increases of up to 39% [208].
Furthermore, higher chlorophyll content and NPK content was observed, with positive
effects in the nutritional content of chickpea seeds observed. Despite the application of GA3,
rhizobia have the capacity to synthesize hormones such as gibberellins and IAA. In fact,
Rhizobium radiobacter InaCCB835 not only led to an increase in plant biomass, number of
leaves and root length in Brassica rapa L., but also increased the total content of IAA, P and
N in the plant [209]. Similar results were obtained in other studies, once again justifying
the positive effects Rhizobacterium spp. could have on non-legume species [210], even
under saline conditions [211]. In fact, a recent study of the application of Rhizobium jaguaris
CCGE525 inoculates applied to A. thaliana reported increases in plant growth under normal
conditions, leading to higher biomass and higher chlorophyll content in the leaves [206].
The same authors studied the potential of this strain in the amelioration of salinity-stress
toxicity, observing a better response of the plant, induction of physiological and biochemical
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responses, whilst also increasing proline content which can act as an osmoprotectant.
Despite the positive results observed throughout the literature, the influence of Rhizobium
spp. on gene expression is usually associated with their relationship at the root level,
primarily by increasing expression of nod genes which leads to higher nodulation [212].
The study of the biostimulant activity of Arthrobacter spp. has increased in recent
years. For example, studies involving the use of Arthrobacter agilis UMCV2 inoculates in
strawberry demonstrated an increase in yield, with volatile compounds produced by this
strain almost doubling the germination of achenes, which could potentially ameliorate the
low germination rate of strawberries [213]. Research on the application of this microor-
ganism in Sorghum bicolor demonstrated a promotion in plant growth and chlorophyll
accumulation possibly due to higher Fe acquisition [214]. Interestingly, genes related to
iron absorption and transport, IRT1, IRT2, YS1 and YS2, were upregulated, indicating an
influence on gene expression.
5.2. Trichoderma spp.
When it comes to fungi, one of the most promising species belongs to the Trichoderma
genus [215]. Even though typically associated with biopesticides, several Trichoderma
spp. strains have been gaining increasing interest as biostimulants due to their abilities
to improve tolerance to abiotic stresses and increase plant growth, development and
yield [216–218]. Recently, Visconti et al. [219] studied the effect of Trichoderma virens GV41-
based biostimulants in both lettuce and rocket, observing an increase in phenol content
and antioxidant activity and improved nitrogen usage efficiency in lettuce, suggesting
their potential application in the management of soil N fertility. Studies using Trichoderma
strains and their bioactive metabolites, either alone or combined, reported an increase in
plant growth in soybean, as well as in fatty acid and mineral content in their seeds [220].
Trichoderma harzianum T22 has also been shown to have biostimulant properties in wheat,
enhancing spike fresh weight and shoot dry weight under normal conditions, while in-
creasing the number of stems, dry weight and spike fresh weight under water stress [221].
The same authors also found this Trichoderma strain was associated with increases wheat
biomass under low N availability conditions, which might indicate an increase in stress
tolerance. Similarly, other authors observed an increase in N uptake and yield in lettuce
with the use T. virens GV 41 biostimulants [222]. T. saturnisporum has also been shown to
enhance germination, increase plant vigor and yield, whilst also leading to better fruit
quality in melon [223]. A recent and comprehensive study on the influence of Trichoderma
strains in strawberry, described very interesting findings obtained from proteomic anal-
ysis [224]. Aside from the common conclusions of increases in biomass, yield, nutrient
uptake, anthocyanins and antioxidants content, the proteomic analysis showed augmented
levels of proteins involved in carbohydrate metabolism, glycolysis and alcoholic fermen-
tation; higher concentration of components of the NADH dehydrogenase complex and
biosynthetic machinery; as well as defense-related and vesicle machinery components [224].
This work reflects the importance of understating the molecular effects of biostimulants, as
it opens way for the fine tuning of biostimulant application in plants.
Some authors also report positive effects of Trichoderma strains in plants under stress
conditions. More recently, the application of T. ligibrachiatum to Healianthus annus L. under
lead stress conditions was associated with a positive effect in its’ antioxidant activity
when compared to the control [225]. This could be due to certain Trichoderma strains
being able to influence the bioavailability of lead in the soil by releasing chelators [226].
Cold stress effects in tomato plants were also observed to be mitigated by T. harzianium
AK20G, despite individually impairing it [227]. These authors noted an increase in biomass,
RWC and photosynthetic rate. Moreover, the observed decrease in electrolyte leakage
was possibly due to a higher expression of the P5CS gene, which encodes for delta 1-
Pyrroline-5-Carboxylate Synthetase, a key enzyme involved in proline synthesis, leading
to the accumulation of this stress protective osmolyte in plants. In fact, higher proline
accumulation with the application of Trichoderma spp. inoculates has also been observed in
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wheat under salinity-stress, leading to a positive effects in the photosynthetic performance
of these plants [228].
Despite the clear effects of PGPB and Trichoderma spp. as biostimulants, improving
both quality parameters as well as stress-tolerance, most of the mechanisms underlying
these results remain undiscovered.
6. Conclusions and Future Directions
The use of plant biostimulants as substitutes for more conventional methods in agri-
culture appears to be growing in prominence, with more and more research shedding a
light on how effective they can be. Research ranging from a variety of different plants
(Table 1) demonstrates that biostimulants have the capacity to improve plant growth and
development; increase nutrient uptake, yield and water content, whilst also improving the
nutritional value and quality of their produce (Figure 1).
Table 1. Summarized response of different plant species to biostimulants.
Biostimulant Plant Species Plant Response References
Humic acids
Achillea millefolium L.
Improved growth parameters: increased photosynthetic
pigments, total phenols, total flavonoids and antioxidant




Enhanced thermotolerance by upregulation of heat-shock
protein genes under heat stress; Increased concentrations of
proteins related to cell wall and energy metabolism,
respiration, protein synthesis, protein folding, protein
degradation, response to inorganic substances and heat and
cell trafficking and division; decreased concentration of
carbohydrates and amino acids.
[44,45,58]
Brassica napus
Increase in yield, chlorophyll content; improved oil quality,
plant net photosynthesis, gas exchange rate and electron




Improved root development and increased plant biomass
under drought stress while rapidly decreased leaf stomatal
conductance and transpiration rates; increased chlorophyll
content leading to improved net photosynthesis.
[51]
Echinacea purpurea L.
Improved plant growth under drought stress; increased
flavonoid, phenolic and proline concentration; increased




Increase in photosynthetic pigment concentration and NPK
levels; improved plant growth and yield parameters under
drought stress.
[52]
Phaseolus vulgaris L. Protective effects against DNA hypomethylation anddamage; alterations in the expression of stress-related genes. [60]
Rhododendron
Increase in phenolic content, flavonoids, soluble




Increase in tuber yield and plant biomass; improved plant




Improved water and nitrogen efficiency; upregulation of
genes related to water transport, nutrient absorption and
nitrate transporters.
[57]
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Table 1. Cont.
Biostimulant Plant Species Plant Response References
Fulvic acids
Achillea millefolium L.
Improved growth parameters: increased photosynthetic
pigments, total phenols, total flavonoids and antioxidant
activity of the leaves and flowers were increased
significantly.
[69]
Beta vulgaris Improved germination parameters; increased root size,yield and soluble sugar content. [61]
Camellia sinensis L.
Upregulation of genes related to metabolism of ascorbate
and glutathione, and biosynthesis of flavonoids improving
the antioxidant defense under water stress; increased leaf
water content and chlorophyll content; reduction in
accumulation of ROS.
[67]
Hordeum vulgare Improved germination parameters. [61]
Medicago sativa
Upregulation of genes related to early nodulation signaling,
N metabolism, nutrient transporters and hydrolases;
increased total yield and plant biomass.
[63]
Monoraphidium sp. Upregulation of lipid biosynthesis genes; increased proteinconcentration and chlorophyll content. [64]
Paeonia ostii
Amelioration of drought stress effects; increased plants’
RWC; increased activity of antioxidant enzymes (SOD, CAT
and POD) leading to lower ROS concentration; increased
photosynthetic parameters; maintained the integrity of
mesophyll cell ultrastructure and chloroplasts; increased
expression of drought-tolerance genes.
[68]




Improved photosynthetic rate and stomatal conductance
under drought stress; amelioration of the negative effects of
stress in gas exchange and transpiration rates.
[84]
Diplotaxis tenuifolia L.
Increased plant biomass, yield and chlorophyll biosynthesis;
improved photosynthetic rate and leaf antioxidant activity;
increased nutrient and organic acid concentration.
[83]
Lactuca sativa L. Stimulated the growth of plant growth promoting bacterialeading to increases in leaf chlorophyll and plant biomass. [81]
Olea europaea
Improved photosynthetic rate and stomatal conductance;
increased plant growth and biomass; had a lasting positive
effect in the sink/source ratio.
[82]
Solanum lycopersicon L.
Increased plant biomass, chlorophyll and phenolic content
and soluble sugars concentration; improved photosynthetic
rate, root growth and upregulation of genes related to
antioxidant activity, photosynthesis, nutrient uptake and
primary metabolisms. Increased phenylpropanoids,
terpenes, nitrogen-containing compounds, glucosinates and
alkaloids.
Under different N regimes, improved photosynthetic rates
and N content in leaves; upregulation of genes related to
amino acid and N transport.
Under drought stress, increased plant biomass,
transpiration rates and stomatal conductance; improved
redox status of treated plants and tolerance to
ROS-mediated oxidative imbalance; increased antioxidant
protection, IAA, cytokinins and jasmonic acid
concentrations.
[85,87,93,94,96]
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Table 1. Cont.
Biostimulant Plant Species Plant Response References
Zea mays
Enhanced plant stress response; improved root growth;
increased expression of nitrate transporters and ROS
response genes; increased transport and root accumulation
of nutrients; upregulation of genes involved in nutrient
transport, hormone metabolism, transport and cytoskeletal








Oxidative and drought stress tolerance, reduced
accumulation of ROS and cell damage; downregulation of
genes related to growth impairment during stress;




Increased plant RWC and CO2 assimilation; improved plant
water use efficiency; reduced electrolyte leakage, membrane
lipid peroxidation, antioxidant enzymes and proline
content; increased fruit biometric parameters, antioxidant
activity vitamin E, soluble sugars and phenolics content.
[150,151]
Glycine max L.
Under drought stress, increased stomatal conductance,
photosynthetic activity and efficiency, chlorophyll content




Under normal and high temperatures, improved thermo
tolerance, pollen viability and photosynthetic parameters;
increased fruit number and chlorophyll content;
upregulation and downregulation of HSP genes; in
addition, improved fruit yield components under normal
and salt stress conditions
[148,154]
Prunus avium L.
Increased plant yield, RWC, photosynthetic pigments,
soluble sugars and protein concentration; improved gas
exchange and water use efficiency; reduced fruit cracking;
increased fruit size, soluble solids content, polyphenols,
vitamin C and antioxidant potential; improved fruit quality,
acidity, color parameters and ripening process;
up-regulation of genes related to cell-wall and cuticular
waxes.
[143–145]
Solanum melongena L. Increased the number of pollen tubes and fertilized ovules;improved flowering and fruiting of the plants. [146]
Spinacia oleracea L.
Increase plant biomass, protein and nutrient content and
concentration of phenolic compounds in the leaves;




Increased plant biomass, yield, N and soluble sugar
concentration; increased berry number, anthocyanins and




Under limited phosphorus conditions, improved plant
growth; increased plant biomass, NPK, photosynthetic
pigments, total soluble sugars, phenolic compounds,
flavonoids and amino acids content; diminished oxidative
damage and electrolyte leakage; positively affected the
expression of genes related to P homeostasis.
[147]
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Table 1. Cont.






Under salt-stress, increased yield and plant biomass;
improved fruit quality and nutritional status,




Under sub-optimal N concentration in the soil, increased
yield, chlorophyll and carotenoids content; enhanced
photosynthetic parameters and antioxidant activity.
[157]
Phaseolus vulgaris L.
Increased yield and antioxidant activity; increased
biosynthesis of phenolics, flavonoids and anthocyanins;
improved nutritional quality of the seeds.
[155]
Spinacia oleracea L.
Improved plant growth, yield and nutritional quality;
increased concentration of chlorophyll, carotenoids, protein
content and phytohormones; promoted activity of enzymes







Increased yield parameters, grain number, protein and
nutrient content in the grain, plant biomass and chlorophyll
content; improved germination, seedling vigor and root
growth.
[167,168]
Saccharum officinarum Increased plant yield and brix content of the juice; improvedplant growth. [163]
Solanum tuberosum L.
Improved plant growth parameters; increased yield, yield




Increased plant growth, root growth, photosynthetic
pigments content, RWC, proline, amino acids and soluble
sugars content; improved plant stress tolerance;




Under drought stress, increased yield parameters,
photosynthetic pigments, antioxidants and grain quality
and protein content; decreased photosystem damage and
lipid peroxidation.
Under optimal conditions, increased yield parameters and
quality, nutrient uptake; improved plant growth,
antioxidant activity; decreased lipid peroxidation and
accumulation of ROS; upregulation of genes related to fatty
acid metabolism, starch synthesis, nutrient transport and







Increased leaves nutrient concentration increase; improved
nutritional quality, plant growth and photosynthetic
pigments under certain circumstances.
[204]
Arabidopsis thaliana
Under optimal and salt-stress, improved plant growth and
biomass; increased antioxidant activity, and proline and
chlorophyll content.
[206]
Brassica napus Improved plant growth, plant biomass, yield parametersand seed fatty acid concentration. [203]
Brassica rapa L. Increased plant biomass, number of leaves and root length,total content of IAA, P and N. [209]
Buglossoides arvensis Improved plant growth, plant biomass, yield parametersand seed fatty acid concentration. [203]
Cicer arietinum L. Increased plant biomass and yield, chlorophyll and NPKcontent; improved seeds nutritional content. [208]
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Table 1. Cont.
Biostimulant Plant Species Plant Response References
Coriandrum sativum
Under optimal conditions, increased RWC, photosynthetic
pigments concentration; improved plant growth.
Under salt-stress, improved plant growth; increased RWC and
photosynthetic pigments concentration.
[205]
Fragaria × ananassa Increased plant yield; improved achene germination andgermination rate. [213]
Glycine max L.
Improved plant growth, plant biomass, yield parameters and
seed fatty acid concentration.
Under salt stress, increased plant biomass and gibberellin and
abscisic acid concentrations; improved plant growth and
development.
[198,203]
Solanum lycopersicum L. Increased plant biomass, RWC, healthy fruit yield, fruit micro-and micronutrient content. [191]
Sorghum bicolor
Increased plant growth and chlorophyll pigments; upregulation




Improved early plant development and nutrient uptake;
increased plant macro- and micronutrients concentration and
grain yield.
Under low N content in the soil, ameliorated negative effects on
root growth and yield parameters.
[192,195]
Zea mays
Under salt stress, improved root growth; increased chlorophyll
and soluble sugar content; decreased lipid peroxidation;
improved POD and CAT activity; upregulation of RuBisCO,





Cucumis melon Increased plant vigor, biomass and yield; improvedgermination and fruit quality. [223]
Eruca sativa Mill. Increased plant biomass, yield, phenols content and antioxidantactivity; improved nitrogen usage efficiency and uptake. [219,222]
Fragaria x ananassa
Duch.
Increased biomass, yield, nutrient uptake, anthocyanins and
antioxidants content, concentration of proteins involved in
carbohydrate metabolism, glycolysis and alcoholic
fermentation, higher concentrations of NADH dehydrogenase
components and defense related machinery components.
[224]
Glycine max L. Increased plant growth and biomass, nutrient uptake and fattyacid and mineral content in the seeds. [220]
Helianthus annus L. Under lead stress, increased antioxidant activity; enhancedheavy metal stress tolerance. [225]
Lactuca sativa L. Increased plant biomass, yield, phenols content and antioxidantactivity; improved nitrogen usage efficiency and uptake. [219,222]
Solanum lycopersicum L.
Under chilling stress, increased biomass, RWC and proline
content; improved photosynthetic rate; decreased lipid
peroxidation and electrolyte leakage; upregulation of genes
related to osmoregulators and hormone biosynthesis.
[227]
Triticum aestivum L.
Under salt stress, increased plant biomass, proline and IAA




Under normal and drought-stress conditions, increased plant
growth and biomass, plant yield; upregulation of genes related
to drought stress response.
[221]
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Figure 1. Su arized representation of the effects of biostimulants in plants at the molecular and
cellular level, and in the plant phenotype.
Moreover, with the unavoidable e fects of abiotic stre s due to soil po lution as we l
as climate change, biostimulants may provide a solution to ameliorate their e fects in the
agronomic industry. Despite this, we still need t consider a number of factors: effects
can differ b tween crop species, extracti n/production processes for biostimulants and
th ir levels of cons ituents, bioactives and effects can vary and distinct biostimulants can
act differently in the same specie . As such, th increasing knowledg at the molecular
level, mostly th influence in gen expression, can open n array of possibilities for the fine
tuning of these products. As expressed throughout this review, some research has been
undertaken to further this understanding, with some molecular pathways and alterations in
the expression of genes already being uncovered. However, this matter still has a long way
to go and further research must be carried out. Moreover, as molecular pathways triggered
by biostimulants become identified, it will be important to conduct functional work to fully
elucidate the precise mode(s) of action employed, in a range of model and crop plants.
Such research must also take cognizance of the different commercial products involved, the
extraction methods and the underlying composition of these extracts. With the collective
collaboration between the scientific community, the potential of these products to enhance
agricultural sustainability and increase food security in the face of climate change, may
be realized.
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127. Stirk, W.A.; Novák, O.; Hradecká, V.; Pĕnčík, A.; Rolčík, J.; Strnad, M.; Van Staden, J. Endogenous Cytokinins, Auxins and
Abscisic Acid in Ulva fasciata (Chlorophyta) and Dictyota humifusa (Phaeophyta): Towards Understanding Their Biosynthesis and
Homoeostasis. Eur. J. Phycol. 2009, 44, 231–240. [CrossRef]
Biomolecules 2021, 11, 1096 23 of 27
128. Wally, O.S.D.; Critchley, A.T.; Hiltz, D.; Craigie, J.S.; Han, X.; Zaharia, L.I.; Abrams, S.R.; Prithiviraj, B. Regulation of Phytohormone
Biosynthesis and Accumulation in Arabidopsis Following Treatment with Commercial Extract from the Marine Macroalga
Ascophyllum nodosum. J. Plant Growth Regul. 2013, 32, 324–339. [CrossRef]
129. De Saeger, J.; Van Praet, S.; Vereecke, D.; Park, J.; Jacques, S.; Han, T.; Depuydt, S. Toward the Molecular Understanding of the
Action Mechanism of Ascophyllum nodosum Extracts on Plants. J. Appl. Phycol. 2020, 32, 573–597. [CrossRef]
130. Rayorath, P.; Jithesh, M.N.; Farid, A.; Khan, W.; Palanisamy, R.; Hankins, S.D.; Critchley, A.T.; Prithiviraj, B. Rapid Bioassays to
Evaluate the Plant Growth Promoting Activity of Ascophyllum nodosum (L.) Le Jol. Using a Model Plant, Arabidopsis thaliana (L.)
Heynh. J. Appl. Phycol. 2008, 20, 423–429. [CrossRef]
131. Khan, W.; Hiltz, D.; Critchley, A.T.; Prithiviraj, B. Bioassay to Detect Ascophyllum nodosum Extract-Induced Cytokinin-like Activity
in Arabidopsis thaliana. J. Appl. Phycol. 2011, 23, 409–414. [CrossRef]
132. Craigie, J.S. Seaweed Extract Stimuli in Plant Science and Agriculture. J. Appl. Phycol. 2011, 23, 371–393. [CrossRef]
133. Ghaderiardakani, F.; Collas, E.; Damiano, D.K.; Tagg, K.; Graham, N.S.; Coates, J.C. Effects of Green Seaweed Extract on
Arabidopsis Early Development Suggest Roles for Hormone Signalling in Plant Responses to Algal Fertilisers. Sci. Rep. 2019, 9,
1983. [CrossRef] [PubMed]
134. Shekhar, S.H.S.; Lyons, G.; McRoberts, C.; McCall, D.; Carmichael, E.; Andrews, F.; McCormack, R. Brown Seaweed Species from
Strangford Lough: Compositional Analyses of Seaweed Species and Biostimulant Formulations by Rapid Instrumental Methods.
J. Appl. Phycol. 2012, 24, 1141–1157. [CrossRef]
135. Omidbakhshfard, M.A.; Sujeeth, N.; Gupta, S.; Omranian, N.; Guinan, K.J.; Brotman, Y.; Nikoloski, Z.; Fernie, A.R.; Mueller-
Roeber, B.; Gechev, T.S. A Biostimulant Obtained from the Seaweed Ascophyllum nodosum Protects Arabidopsis thaliana from Severe
Oxidative Stress. Int. J. Mol. Sci. 2020, 21, 474. [CrossRef] [PubMed]
136. Staykov, N.S.; Angelov, M.; Petrov, V.; Minkov, P.; Kanojia, A.; Guinan, K.J.; Alseekh, S.; Fernie, A.R.; Sujeeth, N.; Gechev, T.S.
An Ascophyllum nodosum-Derived Biostimulant Protects Model and Crop Plants from Oxidative Stress. Metabolites 2021, 11, 24.
[CrossRef]
137. Rasul, F.; Gupta, S.; Olas, J.J.; Gechev, T.; Sujeeth, N.; Mueller-Roeber, B. Priming with a Seaweed Extract Strongly Improves
Drought Tolerance in Arabidopsis. Int. J. Mol. Sci. 2021, 22, 1469. [CrossRef]
138. Pereira, L.; Morrison, L.; Shukla, P.S.; Critchley, A.T. A Concise Review of the Brown Macroalga Ascophyllum nodosum (Linnaeus)
Le Jolis. J. Appl. Phycol. 2020, 32, 3561–3584. [CrossRef]
139. Hurtado, A.Q.; Critchley, A.T. A Review of Multiple Biostimulant and Bioeffector Benefits of AMPEP, an Extract of the Brown
Alga Ascophyllum nodosum, as Applied to the Enhanced Cultivation and Micropropagation of the Commercially Important Red
Algal Carrageenophyte Kappaphycus alvarezii and Its Selected Cultivars. J. Appl. Phycol. 2018, 30, 2859–2873. [CrossRef]
140. Rouphael, Y.; Giordano, M.; Cardarelli, M.; Cozzolino, E.; Mori, M.; Kyriacou, M.C.; Bonini, P.; Colla, G. Plant- and Seaweed-Based
Extracts Increase Yield but Differentially Modulate Nutritional Quality of Greenhouse Spinach through Biostimulant Action.
Agronomy 2018, 8, 126. [CrossRef]
141. Taskos, D.; Stamatiadis, S.; Yvin, J.-C.; Jamois, F. Effects of an Ascophyllum nodosum (L.) Le Jol. Extract on Grapevine Yield and
Berry Composition of a Merlot Vineyard. Sci. Hortic. 2019, 250, 27–32. [CrossRef]
142. Frioni, T.; Sabbatini, P.; Tombesi, S.; Norrie, J.; Poni, S.; Gatti, M.; Palliotti, A. Effects of a Biostimulant Derived from the Brown
Seaweed Ascophyllum nodosum on Ripening Dynamics and Fruit Quality of Grapevines. Sci. Hortic. 2018, 232, 97–106. [CrossRef]
143. Gonçalves, B.; Morais, M.C.; Sequeira, A.; Ribeiro, C.; Guedes, F.; Silva, A.P.; Aires, A. Quality Preservation of Sweet Cherry Cv.
“staccato” by Using Glycine-Betaine or Ascophyllum nodosum. Food Chem. 2020, 322, 126713. [CrossRef] [PubMed]
144. Correia, S.; Queirós, F.; Ferreira, H.; Morais, M.C.; Afonso, S.; Silva, A.P.; Gonçalves, B. Foliar Application of Calcium and Growth
Regulators Modulate Sweet Cherry (Prunus avium L.) Tree Performance. Plants 2020, 9, 410. [CrossRef] [PubMed]
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185. Drobek, M.; Frąc, M.; Cybulska, J. Plant Biostimulants: Importance of the Quality and Yield of Horticultural Crops and the
Improvement of Plant Tolerance to Abiotic Stress—A Review. Agronomy 2019, 9, 335. [CrossRef]
186. Barros-Rodríguez, A.; Rangseekaew, P.; Lasudee, K.; Pathom-aree, W.; Manzanera, M. Regulatory Risks Associated with Bacteria
as Biostimulants and Biofertilizers in the Frame of the European Regulation (EU) 2019/1009. Sci. Total Environ. 2020, 740, 140239.
[CrossRef]
187. Jacobsen, B.J.; Zidack, N.K.; Larson, B.J. The Role of Bacillus -Based Biological Control Agents in Integrated Pest Management
Systems: Plant Diseases. Phytopathology® 2004, 94, 1272–1275. [CrossRef]
188. Mahmood, F.; Shahid, M.; Hussain, S.; Shahzad, T.; Tahir, M.; Ijaz, M.; Hussain, A.; Mahmood, K.; Imran, M.; Babar, S.A.K. Poten-
tial Plant Growth-Promoting Strain Bacillus Sp. SR-2-1/1 Decolorized Azo Dyes through NADH-Ubiquinone:Oxidoreductase
Activity. Bioresour. Technol. 2017, 235, 176–184. [CrossRef]
189. Caulier, S.; Gillis, A.; Colau, G.; Licciardi, F.; Liépin, M.; Desoignies, N.; Modrie, P.; Legrève, A.; Mahillon, J.; Bragard, C. Versatile
Antagonistic Activities of Soil-Borne Bacillus spp. and Pseudomonas spp. against Phytophthora Infestans and Other Potato
Pathogens. Front. Microbiol. 2018, 9, 143. [CrossRef]
190. Radhakrishnan, R.; Hashem, A.; Abd_Allah, E.F. Bacillus: A Biological Tool for Crop Improvement through Bio-Molecular
Changes in Adverse Environments. Front. Physiol. 2017, 8, 667. [CrossRef]
191. He, Y.; Pantigoso, H.A.; Wu, Z.; Vivanco, J.M. Co-inoculation of Bacillus sp. and Pseudomonas putida at Different Development
Stages Acts as a Biostimulant to Promote Growth, Yield and Nutrient Uptake of Tomato. J. Appl. Microbiol. 2019, 127, 196–207.
[CrossRef] [PubMed]
192. Nguyen, M.L.; Glaes, J.; Spaepen, S.; Bodson, B.; du Jardin, P.; Delaplace, P. Biostimulant Effects of Bacillus Strains on Wheat from
in Vitro towards Field Conditions Are Modulated by Nitrogen Supply. J. Plant Nutr. Soil Sci. 2019, 182, 325–334. [CrossRef]
193. Ding, Y.; Wang, J.; Liu, Y.; Chen, S. Isolation and Identification of Nitrogen-Fixing Bacilli from Plant Rhizospheres in Beijing
Region. J. Appl. Microbiol. 2005, 99, 1271–1281. [CrossRef] [PubMed]
194. Kuan, K.B.; Othman, R.; Abdul Rahim, K.; Shamsuddin, Z.H. Plant Growth-Promoting Rhizobacteria Inoculation to Enhance
Vegetative Growth, Nitrogen Fixation and Nitrogen Remobilisation of Maize under Greenhouse Conditions. PLoS ONE 2016, 11,
e0152478. [CrossRef] [PubMed]
195. Nguyen, M.L.; Spaepen, S.; du Jardin, P.; Delaplace, P. Biostimulant Effects of Rhizobacteria on Wheat Growth and Nutrient
Uptake Depend on Nitrogen Application and Plant Development. Arch. Agron. Soil Sci. 2019, 65, 58–73. [CrossRef]
196. Mantelin, S.; Touraine, B. Plant Growth-Promoting Bacteria and Nitrate Availability: Impacts on Root Development and Nitrate
Uptake. J. Exp. Bot. 2004, 55, 27–34. [CrossRef]
197. Xie, S.-S.; Wu, H.-J.; Zang, H.-Y.; Wu, L.-M.; Zhu, Q.-Q.; Gao, X.-W. Plant Growth Promotion by Spermidine-Producing Bacillus
subtilis OKB105. Mol. Plant-Microbe Interact. ® 2014, 27, 655–663. [CrossRef]
198. Kim, M.-J.; Radhakrishnan, R.; Kang, S.-M.; You, Y.-H.; Jeong, E.-J.; Kim, J.-G.; Lee, I.-J. Plant Growth Promoting Effect of Bacillus
amyloliquefaciens H-2-5 on Crop Plants and Influence on Physiological Changes in Soybean under Soil Salinity. Physiol. Mol. Biol.
Plants 2017, 23, 571–580. [CrossRef]
199. Chen, L.; Liu, Y.; Wu, G.; Veronican Njeri, K.; Shen, Q.; Zhang, N.; Zhang, R. Induced Maize Salt Tolerance by Rhizosphere
Inoculation of Bacillus amyloliquefaciens SQR9. Physiol. Plant. 2016, 158, 34–44. [CrossRef]
Biomolecules 2021, 11, 1096 26 of 27
200. Ali, S.; Charles, T.C.; Glick, B.R. Amelioration of High Salinity Stress Damage by Plant Growth-Promoting Bacterial Endophytes
That Contain ACC Deaminase. Plant Physiol. Biochem. 2014, 80, 160–167. [CrossRef]
201. Santoro, M.V.; Cappellari, L.R.; Giordano, W.; Banchio, E. Plant Growth-Promoting Effects of Native Pseudomonas Strains on
Mentha piperita (Peppermint): An in Vitro Study. Plant Biol. 2015, 17, 1218–1226. [CrossRef]
202. Patel, T.; Saraf, M. Biosynthesis of Phytohormones from Novel Rhizobacterial Isolates and Their in Vitro Plant Growth-Promoting
Efficacy. J. Plant Interact. 2017, 12, 480–487. [CrossRef]
203. Jiménez, J.A.; Novinscak, A.; Filion, M. Pseudomonas fluorescens LBUM677 Differentially Increases Plant Biomass, Total Oil Content
and Lipid Composition in Three Oilseed Crops. J. Appl. Microbiol. 2020, 128, 1119–1127. [CrossRef] [PubMed]
204. Ngoroyemoto, N.; Kulkarni, M.G.; Stirk, W.A.; Gupta, S.; Finnie, J.F.; Staden, J. van Interactions Between Microorganisms and a
Seaweed-Derived Biostimulant on the Growth and Biochemical Composition of Amaranthus hybridus L. Nat. Prod. Commun. 2020,
15, 1934578X20934228. [CrossRef]
205. Al-Garni, S.M.S.; Khan, M.M.A.; Bahieldin, A. Plant Growth-Promoting Bacteria and Silicon Fertilizer Enhance Plant Growth and
Salinity Tolerance in Coriandrum sativum. J. Plant Interact. 2019, 14, 386–396. [CrossRef]
206. Fan, D.; Subramanian, S.; Smith, D.L. Plant Endophytes Promote Growth and Alleviate Salt Stress in Arabidopsis thaliana. Sci. Rep.
2020, 10, 12740. [CrossRef] [PubMed]
207. Amrutha, R.N.; Pallaval Veera Bramhachari; Prakasham, R.S. Quorum-Sensing Mechanism in Rhizobium sp.: Revealing Complex-
ity in a Molecular Dialogue. In Implication of Quorum Sensing System in Biofilm Formation and Virulence; Pallaval Veera Bramhachari,
Ed.; Springer: Singapore, 2018; pp. 249–258. ISBN 9789811324284.
208. Rafique, M.; Naveed, M.; Mustafa, A.; Akhtar, S.; Munawar, M.; Kaukab, S.; Ali, H.M.; Siddiqui, M.H.; Salem, M.Z.M. The
Combined Effects of Gibberellic Acid and Rhizobium on Growth, Yield and Nutritional Status in Chickpea (Cicer arietinum L.).
Agronomy 2021, 11, 105. [CrossRef]
209. Widawati, S. Suliasih Comprehensive Test of Rhizobacteria as Biostimulant, Vesicular Arbuscular Mycorhizza (VAM) and Graded
Dose of NPK Fertilizer on the Growth of Bok Choy ( Brassica rapa L.). IOP Conf. Ser. Earth Environ. Sci. 2020, 572, 012023.
[CrossRef]
210. Giordano, M.; El-Nakhel, C.; Caruso, G.; Cozzolino, E.; De Pascale, S.; Kyriacou, M.C.; Colla, G.; Rouphael, Y. Stand-Alone and
Combinatorial Effects of Plant-Based Biostimulants on the Production and Leaf Quality of Perennial Wall Rocket. Plants 2020, 9, 922.
[CrossRef] [PubMed]
211. Verma, M.; Singh, A.; Dwivedi, D.H.; Arora, N.K. Zinc and Phosphate Solubilizing Rhizobium radiobacter (LB2) for Enhancing
Quality and Yield of Loose Leaf Lettuce in Saline Soil. Environ. Sustain. 2020, 3, 209–218. [CrossRef]
212. Ochieno, D.M.W.; Karoney, E.M.; Muge, E.K.; Nyaboga, E.N.; Baraza, D.L.; Shibairo, S.I.; Naluyange, V. Rhizobium-Linked
Nutritional and Phytochemical Changes Under Multitrophic Functional Contexts in Sustainable Food Systems. Front. Sustain.
Food Syst. 2021, 4, 283. [CrossRef]
213. Hernández-Soberano, C.; Ruíz-Herrera, L.F.; Valencia-Cantero, E. Endophytic Bacteria Arthrobacter agilis UMCV2 and Bacillus
methylotrophicus M4-96 Stimulate Achene Germination, in Vitro Growth, and Greenhouse Yield of Strawberry (Fragaria× ananassa).
Sci. Hortic. 2020, 261, 109005. [CrossRef]
214. Hernández-Calderón, E.; Aviles-Garcia, M.E.; Castulo-Rubio, D.Y.; Macías-Rodríguez, L.; Ramírez, V.M.; Santoyo, G.; López-
Bucio, J.; Valencia-Cantero, E. Volatile Compounds from Beneficial or Pathogenic Bacteria Differentially Regulate Root Exudation,
Transcription of Iron Transporters, and Defense Signaling Pathways in Sorghum bicolor. Plant Mol. Biol. 2018, 96, 291–304.
[CrossRef]
215. López-Bucio, J.; Pelagio-Flores, R.; Herrera-Estrella, A. Trichoderma as Biostimulant: Exploiting the Multilevel Properties of a Plant
Beneficial Fungus. Sci. Hortic. 2015, 196, 109–123. [CrossRef]
216. Hermosa, R.; Viterbo, A.; Chet, I.; Monte, E. Plant-Beneficial Effects of Trichoderma and of Its Genes. Microbiology 2012, 158, 17–25.
[CrossRef] [PubMed]
217. Woo, S.L.; Ruocco, M.; Vinale, F.; Nigro, M.; Marra, R.; Lombardi, N.; Pascale, A.; Lanzuise, S.; Manganiello, G.; Lorito, M.
Trichoderma-Based Products and Their Widespread Use in Agriculture. Open Mycol. J. 2014, 8, 71–126. [CrossRef]
218. Lorito, M.; Woo, S.L. Trichoderma: A Multi-Purpose Tool for Integrated Pest Management. In Principles of Plant-Microbe Interactions;
Lugtenberg, B., Ed.; Springer International Publishing: Cham, Switzerland, 2015; pp. 345–353; ISBN 978-3-319-08574-6.
219. Visconti, D.; Fiorentino, N.; Cozzolino, E.; Woo, S.L.; Fagnano, M.; Rouphael, Y. Can Trichoderma-Based Biostimulants Optimize N
Use Efficiency and Stimulate Growth of Leafy Vegetables in Greenhouse Intensive Cropping Systems? Agronomy 2020, 10, 121.
[CrossRef]
220. Marra, R.; Lombardi, N.; d’Errico, G.; Troisi, J.; Scala, G.; Vinale, F.; Woo, S.L.; Bonanomi, G.; Lorito, M. Application of Trichoderma
Strains and Metabolites Enhances Soybean Productivity and Nutrient Content. J. Agric. Food Chem. 2019, 67, 1814–1822. [CrossRef]
221. Silletti, S.; Di Stasio, E.; Van Oosten, M.J.; Ventorino, V.; Pepe, O.; Napolitano, M.; Marra, R.; Woo, S.L.; Cirillo, V.; Maggio,
A. Biostimulant Activity of Azotobacter chroococcum and Trichoderma harzianum in Durum Wheat under Water and Nitrogen
Deficiency. Agronomy 2021, 11, 380. [CrossRef]
222. Fiorentino, N.; Ventorino, V.; Woo, S.L.; Pepe, O.; De Rosa, A.; Gioia, L.; Romano, I.; Lombardi, N.; Napolitano, M.; Colla, G.; et al.
Trichoderma-Based Biostimulants Modulate Rhizosphere Microbial Populations and Improve N Uptake Efficiency, Yield, and
Nutritional Quality of Leafy Vegetables. Front. Plant Sci. 2018, 9, 743. [CrossRef] [PubMed]
Biomolecules 2021, 11, 1096 27 of 27
223. Fernando, D.; Milagrosa, S.; Francisco, C.; Francisco, M. Biostimulant Activity of Trichoderma saturnisporum in Melon (Cucumis
melo). HortScience 2018, 53, 810–815. [CrossRef]
224. Lombardi, N.; Caira, S.; Troise, A.D.; Scaloni, A.; Vitaglione, P.; Vinale, F.; Marra, R.; Salzano, A.M.; Lorito, M.; Woo, S.L.
Trichoderma Applications on Strawberry Plants Modulate the Physiological Processes Positively Affecting Fruit Production and
Quality. Front. Microbiol. 2020, 11, 1364. [CrossRef]
225. Devi, S.S.; Sreenivasulu, Y.; Rao, K.V. Protective Role of Trichoderma logibrachiatum (WT2) on Lead Induced Oxidative Stress in
Helianthus annus L. Indian J. Exp. Biol. 2017, 55, 235–241.
226. Abou-Shanab, R.A.; Ghanem, K.; Ghanem, N.; Al-Kolaibe, A. The Role of Bacteria on Heavy-Metal Extraction and Uptake by
Plants Growing on Multi-Metal-Contaminated Soils. World J. Microbiol. Biotechnol. 2008, 24, 253–262. [CrossRef]
227. Ghorbanpour, A.; Salimi, A.; Ghanbary, M.A.T.; Pirdashti, H.; Dehestani, A. The Effect of Trichoderma harzianum in Mitigating Low
Temperature Stress in Tomato (Solanum lycopersicum L.) Plants. Sci. Hortic. 2018, 230, 134–141. [CrossRef]
228. Oljira, A.M.; Hussain, T.; Waghmode, T.R.; Zhao, H.; Sun, H.; Liu, X.; Wang, X.; Liu, B. Trichoderma Enhances Net Photosynthesis,
Water Use Efficiency, and Growth of Wheat (Triticum aestivum L.) under Salt Stress. Microorganisms 2020, 8, 1565. [CrossRef]
[PubMed]
